Brigham Young University

BYU ScholarsArchive
Faculty Publications
2019-11-06

A review of 30 years of research using the CPD model
Thomas H. Fletcher
Brigham Young University, tom_fletcher@byu.edu

Follow this and additional works at: https://scholarsarchive.byu.edu/facpub
Part of the Chemical Engineering Commons

Original Publication Citation
Fletcher, T. H., “A review of 30 years of research using the CPD model,” invited paper, Energy and
Fuels, 33, 12123-12153 (2019). DOI: 10.1021/acs.energyfuels.9b02826
BYU ScholarsArchive Citation
Fletcher, Thomas H., "A review of 30 years of research using the CPD model" (2019). Faculty Publications.
6087.
https://scholarsarchive.byu.edu/facpub/6087

This Peer-Reviewed Article is brought to you for free and open access by BYU ScholarsArchive. It has been
accepted for inclusion in Faculty Publications by an authorized administrator of BYU ScholarsArchive. For more
information, please contact ellen_amatangelo@byu.edu.

Review
pubs.acs.org/EF

Cite This: Energy Fuels 2019, 33, 12123−12153

Review of 30 Years of Research Using the Chemical Percolation
Devolatilization Model
Thomas H. Fletcher*

Downloaded via BRIGHAM YOUNG UNIV on December 20, 2019 at 17:43:13 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Chemical Engineering Department, Brigham Young University, 330 EB, Provo, Utah 84602, United States
ABSTRACT: The chemical percolation devolatilization (CPD) model for coal pyrolysis was ﬁrst published in 1989, and a
completed version that included the vapor−liquid equilibrium model and cross-linking model was published in 1992. The CPD
model was one of three pyrolysis models developed using a lattice model to account for the chemical structure of the coal and
was directly based on solid-state 13C nuclear magnetic resonance (NMR) measurements of the coal structure. A correlation of
coal structure parameters measured by NMR spectroscopy was performed to permit use of the CPD model to determine
pyrolysis rates and yields of tars and light gases for any coal type. A separate nitrogen release model was also developed on the
basis of the chemical structure. In the past 30 years, the CPD model or the concepts in the CPD model have been used to
describe pyrolysis in many situations for many fuels. The CPD model has been incorporated directly into simulations of large
coal combustors as well as detailed simulations of single-pyrolyzing or burning coal particles, which was the original intent.
Some investigators added a more rigorous treatment of light gas release. Other investigators have used the CPD model to
determine rate coeﬃcients for simpler models for a given range of heating conditions. In addition, the concepts in the CPD
model have been used to develop models for other solid fuels, including biomass, black liquor, oil shale, rigid foams, propellants,
heavy oil, asphalt, and scrap tires. The CPD model has also been extended to low heating rates for underground coal thermal
treatment and hydropyrolysis. This paper is a review of the development, improvement, and uses of the CPD model, along with
extended uses of the concepts in the CPD model.

1. INTRODUCTION
The chemical percolation devolatilization (CPD) model for
coal pyrolysis was ﬁrst published in 1989,1 and a completed
version, including the vapor−liquid equilibrium model and
cross-linking model, was published in 1992.2,3 The CPD model
was one of three pyrolysis models developed to account for the
chemical structure of the coal; the functional group−
depolymerization, vaporization, cross-linking (FG−DVC)
model was developed by Solomon et al., 4 and the
FLASHCHAIN model was developed by Niksa and Kerstein.5
About this time, Solum et al.6 reported the chemical structure
of the Argonne Premium coals based on 13C nuclear magnetic
resonance (NMR) spectroscopy. The CPD model was
therefore based directly on 13C NMR measurements of the
coal structure instead of using the chemical structure variables
as ﬁtting parameters guided by measurements. The key
concepts in the CPD model are (i) NMR parameters used
directly for the coal structure, (ii) a chemical mechanism for
bridge scission, (iii) percolation lattice statistics to relate bridge
breaking to fragments in the metaplast, (iv) a vapor pressure
model combined with a ﬂash distillation model, and (v) crosslinking of non-vaporized metaplast into the remaining char.
The CPD model was built for speed, with the intent to be used
in detailed simulations of coal combustion and gasiﬁcation.
The numerical methods in this model were included without
using external libraries, so that the model could be easily
ported to other research groups. A sequential distributed
activation energy concept was used instead of the prevalent
parallel distributed activation energy model, with almost
identical results and a large savings in computational speed.
A common set of rate coeﬃcients for the CPD model were
determined for a range of coals, heating rates, residence times,
© 2019 American Chemical Society

pressures, and temperatures. Coal-dependent pyrolysis behavior was only modeled on the basis of the chemical structure
diﬀerences between coals. A correlation of coal structure
parameters measured by NMR spectroscopy was performed by
Genetti et al.7 to permit use of the CPD model to determine
pyrolysis rates and yields of tars and light gases for any coal
type. A separate nitrogen release model was also developed on
the basis of the chemical structure.8
The CPD model was made available freely to all, because it
was a joint product between Sandia National Laboratories
(Livermore, CA), The University of Utah (Salt Lake City,
UT), and Brigham Young University (Provo, UT). In the past
30 years, the CPD model or the concepts in the CPD model
have been used to describe pyrolysis in many situations for
many fuels. The CPD model has been incorporated directly
into simulations of large coal combustors as well as detailed
simulations of single-pyrolyzing or burning coal particles,
which was the original intent. This paper will review (a) the
development of the CPD model, (b) subsequent evaluations of
the CPD model, (c) direct uses of the CPD model in
combustion simulations, (d) use of the CPD model to
determine rate coeﬃcients for simpler models, (e) extension
of the CPD model to additional fuels, and (f) modiﬁcations to
extend CPD model capability.
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Figure 1. Bridge reaction mechanism used in the CPD model. This
ﬁgure was adapted with permission from ref 1.

Figure 3. Comparison of the CPD model to total volatile yields
measured by Fletcher14 for an Illinois no. 6 coal. This ﬁgure was
reprinted with permission from ref 3.

Figure 2. Relationship between the fraction of detached clusters
[F(p)] and the fraction of intact bridges (p) for various coordination
numbers. This ﬁgure was reprinted with permission from ref 3.

Table 1. Chemical Structure Parameters for the Argonne
Premium Coals6
coal

ASTM rank

σ+1

p0

MWcl

MWδ

C

Beulah-Zap
Wyodak
Blind Canyon
Illinois no. 6
Pittsburgh no. 8
Stockton
Upper Freeport
Pocahontas no. 3

ligA
subC
hvBb
hvCb
hvAb
hvAb
mvb
lvb

4.1
5.6
5.1
5
4.7
4.8
5.3
4.4

0.64
0.55
0.49
0.63
0.64
0.69
0.67
0.74

269
408
366
322
330
272
312
307

40
42
36
27
28
20
17
13

9
14
15
15
15
14
18
20

Figure 4. Comparison of the CPD model to tar, gas, and char yields
in a heated tube reactor measured by Serio et al.13 This ﬁgure was
reprinted with permission from ref 3.

Table 2. Rate Coeﬃcients Used in the CPD Model
parameter

value

description

Eb
Ab
σb
Eg
Ag
σg
kδ/kc
Ecross
Across

55.4 kcal/mol
2.6 × 1015 s−1
1.8 kcal/mol
69 kcal/mol
3 × 1015 s−1
8.1 kcal mol
0.9
65 kcal/mol
3.0 × 1015 s−1

bridge scission activation energy
bridge scission pre-exponential factor
bridge scission standard deviation
gas release activation energy
gas release pre-exponential factor
gas release standard deviation
composite rate constant
cross-linking activation energy
cross-linking pre-exponential factor

Figure 5. Comparison of the CPD model to pyrolysis data for a
Pittsburgh no. 8 high-volatile bituminous coal in helium using a
heated grid by Gibbins-Matham and Kandiyoti.16 This ﬁgure was
adapted with permission from ref 3.

2. DEVELOPMENT OF THE CPD MODEL
The basic premise of the CPD model is that coal is a polymerlike structure with aromatic clusters connected by nonaromatic bridges. For convenience, these bridges were assumed
to be aliphatic chains, although looping structures, such as
saturated rings, are present. Attachments to aromatic clusters
that do not connect to adjacent aromatic clusters are called
side chains. As coal is heated and pyrolysis begins, the bridges
(£) between the aromatic clusters react and form a reactive

intermediate (£*), which, in turn, can either break to form two
side chains (δ) or alternatively condense to form a stable
bridge (c) with concurrent release of light gas (g2). As coal is
heated further, the side chains are released as light gas (g1).
Aromatic clusters do not break apart at typical coal pyrolysis
temperatures. The mechanism assumed in the CPD model is
depicted in Figure 1.
The k values in Figure 1 are Arrhenius-type rate constants
for the diﬀerent reaction steps, and rate coeﬃcients were
12124
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Mass release only occurs when a small enough molecule has
been separated and has suﬃcient vapor pressure to be released
as a gas. The calculation of mass release therefore involves two
parts: (1) breakup of the polymer (referred to as the inﬁnite
lattice) and (2) a treatment of vapor pressure eﬀects.
2.1. Breakup of the Lattice. A Bethe lattice structure was
assumed for coal, because the breakup of a large tree-like Bethe
lattice resembles the breakup of a large honeycomb lattice.1 A
Bethe lattice structure is characterized by the number of
attachments per cluster, sometimes called the coordination
number, and denoted by “σ + 1”. A lattice with a higher
coordination number is harder to break apart than a lattice
with a low coordination number. The initial fraction of intact
bridges between clusters (p0) is also necessary to specify the
initial lattice condition. As the coal reacts and bridges break, p
decreases. The relationship between p and the fraction of
clusters that are detached from the inﬁnite polymer lattice,
according to the percolation lattice theory for a Bethe lattice,9
is
ÄÅ
É
ÅÅ (1 − p) ÑÑÑσ+ 1
Å
ÑÑ
F(p) = ÅÅÅ
Ñ
ÅÅÇ (1 − p*) ÑÑÑÖ
(1)

Figure 6. CPD model predictions of tar and total volatile yields for 16
coals with coal-dependent input coeﬃcients taken directly from NMR
data for 16 coals (heating conditions from 0.5 to 104 K/s and
temperatures from 1000 to 1300 K). This ﬁgure was reprinted with
permission from ref 3.

where p* is the root of the following equation:
p*(1 − p*)σ − 1 = p(1 − p)σ − 1

(2)

The relationship between F(p) and p for various coordination
numbers (σ + 1) is illustrated in Figure 2. For example, if 60%
of the bridges are intact (i.e., p = 0.6), then approximately 30%
of the clusters are detached from the inﬁnite matrix if σ + 1 =
3, but only about 5% of the clusters are detached if σ + 1 = 4.
The coordination number for parent coals was determined
directly by Solum et al.6 using 13C NMR spectroscopy
techniques, along with values for p0, the average molecular
weight per cluster (MWcl), and the average molecular weight
per side chain (MWδ). Values of these parameters for the
Argonne Premium coals are shown in Table 1, where C is the
average number of aromatic carbons per cluster in the coal.
The CPD model uses the bridge variables along with MWcl and
MWδ to calculate the mass of the detached clusters, along with
the size distribution.
2.2. Vapor Pressure Eﬀects. Once a size distribution of
detached clusters is known, the vapor pressure of each size
fraction must be calculated and used in a ﬂash calculation to
determine the amount and size of molecules that are released
from the coal as tar. A vapor pressure model based on
molecular weight and temperature was developed3 on the basis
of vapor pressure data from narrow boiling fractions of coal
liquids from a Pittsburgh seam coal,10,11 as follows:

Figure 7. CPD model predictions of tar and total volatile yields of a
Pittsburgh high-volatile bituminous coal versus data from heated grid
experiments19,20 at 1000 K/s to 1000 °C. This ﬁgure was adapted
with permission from ref 3.

Piv = α exp( −β MWiγ /T )

(3)

Once the vapor pressure of a fragment size is known, then
Raoult’s law relating vapor pressure to partial pressure was
used
Figure 8. CPD model predictions of tar and total volatile yields of a
Zap lignite versus data from heated grid experiments19,21 at 1000 K/s
to 1000 °C. This ﬁgure was adapted with permission from ref 3.

xiPiv = yP
= Pi
i tot

(4)

and combined with a ﬂash distillation algorithm for multiple
species.
2.3. Cross-Linking. Bituminous coals have been shown to
have large amounts of extracts during pyrolysis, with up to 80%
of the dry and ash-free (daf) coal being released as volatile
matter or extractable by pyridine at some time during the

determined by comparison of the completed CPD model
calculations to pyrolysis rate data. However, because kb is the
rate in the CPD model for bridge breaking, a relationship
between bridge breaking and mass release had to be developed.
12125

DOI: 10.1021/acs.energyfuels.9b02826
Energy Fuels 2019, 33, 12123−12153

Review

Energy & Fuels

Figure 9. Correlation of 13C NMR parameters used in the CPD model. This ﬁgure was reprinted with permission from ref 7.

Figure 10. CPD model predictions made using the actual 13C NMR parameters and the correlated NMR parameters versus pyrolysis data from the
Sandia ﬂat-ﬂame burner at 105 K/s with 0% post-ﬂame O2. This ﬁgure was reprinted with permission from ref 7.

where kcross is an Arrhenius rate constant determined by ﬁtting
coal pyrolysis data.3
2.4. Determination of Rate Constants. The rates of
bridge breaking and side chain release were modeled as ﬁrstorder rates in bridge populations, with distributed activation
energies. However, rather than parallel distributed activation
energies, where each bond strength is equally probable to react
at every temperature, a sequential distributed activation energy
scheme was used. Thus, the bonds with the lowest strength
react ﬁrst, and progression of the reaction occurs through the
range of activation energies. The progression of a variable φ to
its maximum value φmax is related to the activation energy
using a Gaussian distribution, as follows:

heating process.12 However, much of the extractable material
cross-links back to the char matrix, resulting in approximately
40% daf volatile matter after the pyrolysis process. The crosslinking process in the CPD model was modeled as a ﬁrst-order
rate, without formal integration with the lattice structure and
percolation theory. The mass of ﬁnite fragments remaining in
the char (i.e., that have not vaporized by the ﬂash distillation
mechanism) is termed the mass of metaplast (mmeta) and is
reattached to the char with the following rate:
dmcross
dm
= − meta = kcrossmmeta
dt
dt

(5)
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Figure 11. Comparison of CPD model predictions of tar and total
volatile yields for 17 non-U.S. coals at 3000 K/s to 1037 K by Xu and
Tomita.22 This ﬁgure was reprinted with permission from ref 7.
Figure 13. Prediction of light gas species during pyrolysis of diﬀerent
coals versus data obtained in a Curie-point pyrolyzer at 3000 K/s to
1037 K by Xu and Tomita.22 Solid symbols represent measured
values, and open symbols represent predicted values. This ﬁgure was
taken with permission from ref 23. Copyright 1999 Brigham Young
University.

Figure 12. Interpolation mesh in the coaliﬁcation diagram used by
Genetti23 to develop the light gas correlation for the CPD model.
Coals: (1) Dietz, (2) Beulah-Zap, (3) Wyodak, (4) Illinois no. 6, (5)
Illinois no. 6, (6) Utah Blind Canyon, (7) Lewis Stockton, (8)
Pittsburgh no. 8, (9) York Canyon, (10) Upper Freeport, (11) Lower
Kittaning, and (12) Pocahontas no. 3. This ﬁgure was taken with
permission from ref 23. Copyright 1999 Brigham Young University.
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Figure 14. Comparison of the Genetti nitrogen release model8 to data
from Chen and Niksa.25 Data were obtained for a Pittsburgh highvolatile bituminous coal in a radiantly heated drop-tube reactor with a
wall temperature of 1840 K. This ﬁgure was reprinted with permission
from ref 8.

(6)

where E is the current eﬀective activation energy, E̅ is the mean
activation energy, and σ is the standard deviation of E.
Equation 6 represents the area under a cumulative normal
distribution, and hence, an inverse normal distribution
function can be used to obtain E at any time based on ϕ/
ϕmax (which is determined from the rate equations).
Rate coeﬃcients were determined by comparison to
pyrolysis data at high heating rates by Serio et al.,13
Fletcher,14,15 Gibbins-Matham and Kandiyoti,16 and Fletcher
et al.17 are shown in Table 2.
2.5. Initial Comparisons to Coal Pyrolysis Data. Initial
comparisons of CPD model predictions to coal pyrolysis data
were only made for experiments that used coals that had been
analyzed for the chemical structure using solid-state 13C NMR
cross-polarization magic angle spinning (CP/MAS) techniques, which was only a limited number of pyrolysis
experiments. At the time of evaluation of the CPD model,
there was signiﬁcant debate about the rate of pyrolysis, largely

as a result of the diﬃculty in modeling the particle temperature
during fast pyrolysis experiments. This controversy was largely
resolved18 by particle temperature measurements during
pyrolysis in a drop-tube reactor equipped with an infrared
sizing pyrometer14,15 and in a heated tube reactor equipped
with a Fourier transform infrared (FTIR) system to measure
the particle temperature at the exit of the tube.13 A comparison
of the CPD model to total volatile yields as a function of time
in the experiments of Fletcher14 is shown in Figure 3. A
comparison of the CPD model to data obtained in a heated
tube reactor by Serio et al.13 is shown in Figure 4.
Rates of cross-linking were determined by comparison to the
heated grid data of Gibbins-Matham and Kandiyoti16 at
heating rates of 1 and 1000 K/s on a heated grid, including
experiments with hold times of 0 and 30 s. 13C NMR data on
chars from the Sandia drop-tube reactor were also inﬂuential in
determining the cross-linking rate.17 A comparison of the CPD
12127
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The University of Utah. Correlations were made based on
elemental compositions of the parent coal (i.e., the ultimate
analysis) and the ASTM volatile content (i.e., the proximate
analysis).7 These correlations took the form
ϕ = c1 + c 2XC + c3XC 2 + c4XH + c5XH 2 + c6XO + c 7XO2
+ c8XVM + c 9XVM 2

(7)

where ϕ could represent any of the four chemical structure
parameters required as input parameters for the CPD model (σ
+ 1, p0, MWcl, and MWδ). The c values are constants that were
curve-ﬁt for each variable, and the X values are mass fractions
on a daf basis. Results of these correlations are shown in Figure
9. The CPD model was run with the actual NMR values
compared to predictions using the correlated values with good
success, as shown in Figure 10.
It was also necessary to estimate the initial fraction of
bridges that were stable (called char bridges or c0) for highrank coals, correlated to the coal carbon content XC. This type
of bridge is related to biaryl bridges present in high-rank coals.
This c0 parameter was also used to account for early crosslinking in low-rank coals, correlated by the coal oxygen
content. The resulting correlation for c0 was

Figure 15. Predicted and measured nitrogen in pyrolyzed coal char at
multiple residence times (200−400 ms) and three gas temperature
conditions in a drop-tube reactor29 using the Genetti nitrogen release
model. This ﬁgure was reprinted with permission from ref 8.

If XC > 85.9,

c0 = min[(a1XC − b1), 0.39]

(8a)

If XO > 12.5,

c0 = min[(a 2XO − b2), 0.15]

(8b)

The CPD model was then used with the correlated NMR
parameters to predict tar and total volatile yields for 17 nonU.S. coals studied by Xu and Tomita22 in a Curie-point
pyrolyzer at a heating rate of 3000 K/s to 1037 K, as shown in
Figure 11.
2.6.2. Light Gas Model. In addition to the total yield of light
gas, it was desired to have a method to compute the
composition of light gas with minimal computational time.
The FG−DVC model13 used 20 reactions to describe the
evolution of the major light gases, and each reaction was
modeled with a parallel distributed activation energy, resulting
in 100 diﬀerential equations if each distribution function was
modeled with a ﬁve-component Gaussian quadrature scheme.
A simpler scheme was developed by Genetti23 to merely
interpolate the ﬁnal light gas composition based on
experimental data from both Solomon et al.24 and Chen and
Niksa.25 The reference coals for this interpolation are shown in
the van Krevelen-type diagram, as shown in Figure 12, and the
plot was divided into triangles. The location of the parent coal
composition in Figure 12 was determined as well as the
triangle corresponding to that location. The light gas
composition was determined by interpolation of the light gas
compositions from the three reference coals at the vertices of
that triangle.
Using the interpolation scheme for light gas composition,23
along with the correlation of NMR parameters,7 CPD model
predictions were compared to a set of light gas compositions
measured for non-U.S. coals by Xu and Tomita22 in Figure 13.
The FG model of light gas release,13 consisting of 20
reactions, all of which have distributed activation energies, was
blended with the CPD model by Jupudi et al.26 The advantage
was to model the time-dependent release of light gases rather
than use the ﬁnal product distribution in the interpolative
scheme in the original CPD model. Jupudi et al. implemented
an interpolative scheme for determining yields for diﬀerent
light gases in this modiﬁed version of the CPD−FG model.

Figure 16. Comparison of predicted (lines) total light gas nitrogen
yields to the measured (points) HCN + NH3 yields reported by
Bassilakis et al.32 for 0.5 K/s pyrolysis of the Argonne Premium coals
with a maximum particle temperature of 1173 K and a hold time of 3
min. This ﬁgure was reprinted with permission from ref 31.

model to the data of Gibbins-Matham and Kandiyoti is shown
in Figure 5.
Tar and total volatile yields predicted by the CPD model for
16 coals, with heating rates ranging from 0.5 to 104 K/s and
temperatures ranging from 1000 to 1300 K, are compared to
data in Figure 6. The CPD predictions in this ﬁgure were made
using the 13C NMR data directly without modiﬁcation using
one set of kinetic coeﬃcients.
The vapor pressure treatment and ﬂash distillation submodel
in the CPD model permit calculations of pyrolysis yields as a
function of the pressure. Predicted tar and total volatile yields
as a function of the pressure are shown in Figure 7 for a
bituminous coal and Figure 8 for a lignite. Model predictions
of the tar yield below 0.01 atm were restricted to the values at
0.01 atm based on the argument that there is a minimum
internal pressure in a coal particle during pyrolysis.
2.6. Initial Extensions to the CPD Model. 2.6.1. Correlation of NMR Data. After the initial development of the CPD
model, it became quite clear that obtaining chemical structure
parameters from 13C NMR data for each coal was not feasible.
Therefore, a correlation of existing structure parameters was
made using all available 13NMR data from the laboratory at
12128
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Figure 17. Comparison of predicted total mass and nitrogen release values to measured values reported by Perry34 and Genetti23 for ﬂat ﬂame
reactor pyrolysis experiments at 1650 K. This ﬁgure was reprinted with permission from ref 31.

Figure 18. Comparison of model predictions to crucible data for a Pittsburgh no. 8 coal from Pohl and Saroﬁm33 and Brigham Young University (1
K/s, 20 min hold at each temperature, and 20 min cool). This ﬁgure was reprinted with permission from ref 31.

Results were compared to the Xu and Tomita data with good
success. The intent was to use the CPD model in a proprietary
detailed simulation of coal gasiﬁcation. Xu et al.27 modiﬁed the
lookup table of Genetti for light gases to include better data for
ethylene and propylene.
2.6.3. Nitrogen Release Model. Because nitrogen oxides are
pollutant species generated in coal combustion systems and are
regulated, the CPD model was modiﬁed to treat release of
nitrogen during pyrolysis. The ﬁrst nitrogen release model
based on the chemical structure of the parent coal was
developed by Genetti et al.8 This model assumed that nitrogen
atoms only occur in aromatic rings (called sites) and that no
extensive aromatic ring rupture occurs during pyrolysis, so that
the mass per aromatic site (not counting the attachments) is
relatively constant. Therefore, the mass per aromatic site is the

same in the tar and char. The nitrogen is released as HCN
from the aromatic nitrogen sites in the tar using a ﬁrst-order
rate with a sequential distributed activation energy. This
nitrogen release model was compared to nitrogen release data
during pyrolysis in conventional drop tubes,28,29 ﬂat-ﬂame
burners,28−30 and a radiantly heated drop tube25 for several
types of coals. Figures 14 and 15 show examples of the
agreement between this nitrogen release model and experimental data.
An improved nitrogen release model was developed by Perry
et al.31 A three-step global mechanism for fast nitrogen release
was proposed as follows:
cluster−R−R′ → cluster−R• + • R′(gas)
cluster−R• + ring N → cluster + light gas species
12129
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cluster−R• + R″ → cluster−R−R″

(11)

compared well to data at high temperatures for both
bituminous and sub-bituminous coals but seemed to slightly
overpredict the observed volatile yields at lower temperatures.

The reaction rate computed from the above mechanism used
the details of the chemical structure computed by the CPD
model. A separate ﬁrst-order rate was proposed for slow
nitrogen release and used a sequential distributed activated
energy. This model showed good agreement with nitrogen
release during pyrolysis at heating rates ranging from 0.5 to 105
K/s, which was not possible with the simpler mechanism of
Genetti and Fletcher.8 For example, Figure 16 shows a
comparison of Perry’s nitrogen release model to data from
Bassilakis et al.32 taken at low heating rates. Comparisons of
this model to drop-tube data for diﬀerent coals is shown in
Figure 17. In addition, this model was able to show good
agreement with the nitrogen release data from Pohl and
Saroﬁm33 in a high-temperature crucible, where most nitrogen
was released from the char with little change in the total mass
release at high temperatures (see Figure 18).

4. DIRECT USE OF THE CPD MODEL IN COMBUSTION
SIMULATIONS
This section is a review of simulations that have used the CPD
model directly instead of a surrogate model. These simulations

3. SUBSEQUENT EVALUATIONS OF THE CPD MODEL
Other investigators have performed their own evaluation of the
performance of the CPD model. Matsuoka et al.35 performed
coal pyrolysis experiments in a drop-tube reactor at 800 °C and
1 MPa (9.87 atm). Predictions of mass release by the CPD,
FG−DVC, and FLASHCHAIN models all agreed with
measured values for three diﬀerent coals. FLASHCHAIN
was used to simulate product distributions that were inﬂuenced
by secondary reactions at this temperature.
Zeng and Fletcher36 studied coal pyrolysis in a pressurized
ﬂat-ﬂame burner, with pressures from 0.85 to 15 atm. Particle
swelling and morphology were studied. CPD model
predictions of total volatile yields matched the measured
yields as a function of pressure for four coal types.
Tang et al.37 used a ﬂoat−sink separation technique to
obtain maceral-rich fractions of coals. Some coals had high
inertinite fractions. Correlations were made of the pyrolysis
yields and Q factors based on vitrinite and inertinite contents.
Q factors are the measured volatile yields divided by the ASTM
volatile yields. It was shown that the inertinite-rich particles
had a much lower volatile yield than the vitrinite-rich particles.
CPD calculations of the pyrolysis yield based on the bulk
properties did not match well with pyrolysis data from coals
with large variations in vitrinite/inertinite ratios. The
implication is that models of the chemical structure of the
maceral groups would be helpful in predicting pyrolysis
behaviors for these coals.
Chen and He38 developed a pyrolysis model that focused on
the diﬀusion of tar through pores in the char. This model was
compared to predictions using the FG−DVC and CPD
models. Herce et al.39 compared the CPD model and simpler
models to thermogravimetric analysis (TGA) data. Some of
these simpler models are commonly used to obtain kinetic
rates from TGA data, including techniques developed by
Kissinger40 and Braun and Burnham.41 The CPD model
agreed reasonably well with curve ﬁts using these more
standard techniques.
Vascellari et al.42 compared measured pyrolysis yields
measured with a wire mesh reactor at 2 MPa (19.7 atm) for
coals to predictions of the CPD, FG−DVC, and FLASHCHAIN models. A diﬀerent model was selected for each coal
based on agreement with the data. Lemaire et al.43 compared
the CPD model and simpler models to pyrolysis data obtained
in a ﬂat-ﬂame reactor. Results indicated that the CPD model

Figure 19. Predicted ignition delay times at various particle diameters
by Farazi et al.46 with experimental data reported by Liu et al.51 and
numerical data by Goshayeshi and Sutherland.48−50 This ﬁgure was
reprinted with permission from ref 46. Copyright 2019 Elsevier.

Figure 20. Soot formation scheme used by Brown and Fletcher.112
This ﬁgure was reprinted with permission from ref 112.

include (1) single-particle combustion simulations, (2) onedimensional (1D) coal ﬂame simulations, (3) multidimensional coal combustor simulations, (4) comparing rates of
pyrolysis to turbulent time scales, and (5) modeling soot in
coal and biomass combustion systems.
4.1. Single-Particle Combustion Simulations. 4.1.1. Detailed Single-Particle Models. Simulations of the ﬂame around
a single particle have been performed for many years,
inﬂuenced by the imaging work of McLean et al.44 For
example, Musarra et al.45 modeled the ﬂow and reaction
chemistry surrounding a single entrained ﬂow coal particle
using a two-dimensional (2D) stream function−vorticity
model and a 1D model. Their model used two-step pyrolysis
kinetics and global char oxidation kinetics. Since that time,
computer power has greatly increased, optical methods have
been substantially improved, and kinetic mechanisms (especially for gas-phase kinetics of simple fuels) have been greatly
expanded. For example, the CPD model was used in detailed
computations of single-particle combustion in a ﬂat-ﬂame
burner by Farazi et al.46 The simulations used the GRI-Mech
3.0 chemical mechanism47 for gas-phase combustion. Light gas
species from coal pyrolysis were assumed to be CH4, CO,
H2O, and CO2. Tar was assumed to be either C2H2 or C6H6,
with little diﬀerence in the computations. Simulations were
made of time to ignition, temperature of ignition, and oxygen
conditions, including oxy-fuel conditions. Simulations by
Farazi et al. were compared to similar simulations by
12130
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Figure 21. Results of biomass-derived soot simulations compared to reported experimental data.117 Results are displayed as a mass percent of the
parent fuel (dry and ash free). This ﬁgure was reprinted with permission from ref 117. Copyright 2018 Elsevier.

Figure 22. Predicted (lines) and measured (bars) particle size distributions in fast biomass pyrolysis experiments by Trubetskaya et al.119 This
ﬁgure was reprinted with permission from ref 117. Copyright 2018 Elsevier.

Goshayeshi and Sutherland,48−50 who used C2H2 as the tar
species. Figure 19 shows a comparison of the results of Farazi
and Goshayeshi.
Soot formation in the boundary layer of a single pulverized
coal particle in a combustion environment was modeled by Xu
et al.52 The CPD model was used to describe pyrolysis. Timedependent temperatures of the particle and ﬂame temperature
were reported from simulations with and without treatment of
soot. Yan et al.53 modeled the detailed temperature and mass
transfer inside coal particles during pyrolysis using the CPD
model. Good agreement was achieved with data from 29 coals
at heating rates from 0.1 to 106 K/s by adjusting the kinetic
parameters and the chemical structure parameters in the CPD
model. Yan et al.54,55 used the CPD model to help optimize
coal feed rates and particle size in the design of a plasma
reactor to produce acetylene from coal. The rapid heating rates
in the plasma reactor required solution of internal particle
temperature gradients, even for small particles.

Figure 23. Comparison of the predicted soot volume fraction (f v)
against the average radial proﬁles of the LII signal at x = 60, 90, and
120 mm. Experimental data were from Hayashi et al.122 This ﬁgure
was reprinted with permission from ref 121. Copyright 2017 Elsevier.
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4.1.2. Single-Particle Lumped Heat Capacity Models.
Sheng and Azevedo56 studied changes in coal particle
morphology using the CPD model to calculate pyrolysis
rates. This work was performed over a wide range of coal types
and heating rates. Bubble formation and growth was modeled
to calculate particle swelling and porosity. Wu et al.57 used the
CPD model to predict pyrolysis yields in a drop-tube reactor
and a pressurized drop-tube reactor to calculate O2 required to
consume 75% of the volatiles. O2 burned the soot formed
during pyrolysis without changing the morphology of the char;
the objective was to study changes in the morphology of the
char. Yu et al.58 modeled the formation of bubbles and
subsequent char morphology developed during pyrolysis. The
CPD model was used as the pyrolysis model.
Sowa and co-workers studied nitrogen release during
pyrolysis from several coals in a ﬂat-ﬂame burner. One study
was performed to measure nitrogen release during pyrolysis in
oxy-coal conditions versus air-ﬁred conditions in a fuel-rich
condition.59 Another study was to measure the eﬀect of an
additive on nitrogen release during rapid coal pyrolysis. In both
of these studies, the CPD model was compared to
experimental data and was used in the analysis of the
experimental results.
Shurtz et al.60,61 developed a coal-dependent correlation for
swelling during coal pyrolysis, including the eﬀects of the
heating rate and pressure. Some of the chemical structure
parameters used in the CPD model were included in the
correlation to treat the eﬀect of the coal type. The CPD model
was used in the analysis of the data and combined with the
swelling correlation. Shurtz and Fletcher62 also used the CPD
model to help in the analysis of coal char−CO2 gasiﬁcation
rate data.
Kops et al.63 measured ignition times for single particles in a
drop-tube reactor and used the CPD model to calculate
devolatilization rates. These rates were used to help interpret
the eﬀects of diﬀerent oxy-fuel environments on the ignition
delay time.
Xu et al.64 used the CPD model in transient 1D simulations
of combustion in the boundary layer of a burning coal particle,
in which light gases were calculated directly by the CPD
model, tar was assumed to be C2H2, and a global nth-order
model of volatile oxidation was used. The particle energy
equation used a lumped-sum heat capacity and a convective
heat transfer coeﬃcient without correcting for blowing during
devolatilization. The model compared well to measured
ignition delay times and volatile combustion times.
Holland et al.65 combined the CPD model with an advanced
char oxidation model to describe the single-particle data
obtained in a ﬂat-ﬂame burner by Shaddix and Molina66 and
Geier et al.67 Calculations of this coal conversion kinetics
(CCK) model included both char combustion and gasiﬁcation
and agreed well with measured optical particle temperature
and diameter data. Improved particle swelling and mode of
particle burning submodels helped obtain this good agreement
with the data.
4.1.3. Large Particle Models. The CPD model was used to
model pyrolysis of a large lignite briquette (4 cm high and 4.8
cm diameter), along with lignite particles from 40 μm to 16
mm diameter.68 Internal temperatures and pressures were
calculated using 1D cylindrical forms of the energy balance and
permeability equation. Rate coeﬃcients for the CPD model
were adjusted to ﬁt kinetic data. Changes in density were

modeled. The model was applied to heating rates of 20−100
°C/min.
4.2. 1D Coal Flame Simulations. Wan et al.69 used the
CPD model coupled with large eddy simulation (LES) to
simulate a round coal jet ﬂame observed by Fleckhaus et al.70
The directly coupled CPD model seemed to give better
predictions of mass release as a result of pyrolysis than a single
ﬁrst-order pyrolysis model calibrated by the CPD model.
Simulations were used to explore eﬀects of variables, such as
coal type, particle diameter, feed rate, and inlet velocity.
Simulations were subsequently made of the sodium emissions
from a brown coal in a 1D premixed coal−air ﬂame by Wan et
al.71 The gas-phase combustion was modeled using the
DRM22 skeletal mechanism proposed by Kazakov and
Frenklach,72 which involved 22 chemical species and 104
elementary reactions. Light gas species from the CPD model
were used directly, but tar was assumed to be C2H2.
Simulations of the emissions and chemistry of sodium species
in a pulverized coal jet were simulated by Wan et al.73 using
the CPD model coupled with a LES model. Simulations with
the CPD model gave faster pyrolysis results than models of
Badzioch and Hawksley74 and Yamamoto et al.75
Kapusuz et al.76 compared the CPD model to several other
pyrolysis model forms to compare to ignition delay data in a
methane-assisted round coal jet ﬂame, showing that a properly
tuned single ﬁrst-order model could be used in place of the
CPD model. Rieth et al.77 used the CPD model directly in LES
of a methane-assisted coal jet. Good agreement was obtained
with the data of Hwang et al.78 using a ﬂamelet model. Wan et
al.79 used the CPD model directly in LES of a laboratory-scale
pilot-assisted coal jet ﬂame that was weakly turbulent. A
partially stirred reactor (PaSR) approach was used for gasphase combustion using one- or two-step global reactions for
individual species. Tar was assumed to be C16H24. Good
agreement was obtained with the data from Hwang et al.78
Mackrory and Tree80 coupled the CPD model with detailed
chemical kinetic mechanisms for light hydrocarbon gases. A
series of completely stirred reactors (CSTRs) were used to
simulate reactions in a laboratory pulverized coal furnace.
Emphasis was on NOx chemistry. This approach helped
provide insight into NOx chemistry in coal ﬂames.
Lee et al.81 performed 2D Reynolds-averaged Navier−Stokes
(RANS) calculations of a small entrained ﬂow reactor using
Fluent82 to look at methods of coal blending, studying the
impact on the resultant NOx emissions. In particular, infurnace blending was compared to coals that were blended
before being fed to the furnace. The CPD model was found to
agree better with mass release data than a two-step pyrolysis
model in these simulations.
4.3. Multidimensional Coal Combustor and Gasiﬁer
Simulations. Even though the CPD model was built for
speed, the use of the CPD model in a large coal combustor or
gasiﬁer simulations has been limited. Toporov et al.83 used a
user-deﬁned function (UDF) for the CPD model in Fluent to
simulate a laboratory furnace operating with swirl and oxy-fuel
conditions (ﬁred with O2 and CO2 but no N2). Results were in
good agreement with laboratory measurements of tangential
velocity, O2, NO, and gas and particle temperatures. Schaﬀel et
al.84 used the CPD model in 2D RANS calculations of MILD
(ﬂameless combustion) in the IFRF furnace.85 Simulations
agreed with the measured velocities, char burnout, and
concentrations of CO2, CO, and NOx obtained. Wang and
co-workers86−88 used the CPD model in 2D and three12132
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pressure of oxygen in the primary stream on the internal
recirculation zones, oxy-ﬂame stability, and shape were
numerically investigated. Milanese et al.104 used the CPD
model in a similar way for coal pyrolysis in simulations of a
novel coal combustion system using solar air heating.
Bader et al.105 used 2D axisymmetric RANS calculations
with the CPD model and a simpler element-based pyrolysis
model to describe gasiﬁcation in a laboratory gasiﬁer, with
good success. The validated element-based pyrolysis model
was then used to model heavy oil gasiﬁcation in the same
gasiﬁer.
The CPD model was used in simulations of a countercurrent ﬁxed bed gasiﬁer by Grieco and Baldi.106 Results using
the CPD model were poor, likely as a result of the low heating
rate, redeposition, and cross-linking that occurs in a ﬁxed-bed
gasiﬁer. The Merrick model107 seemed to give better results for
this application.
Guo et al. performed 3D RANS simulations of a 35 MW
wall-ﬁred pilot pulverized coal-ﬁred boiler108 and 200 MWe
tangentially ﬁred pulverized coal boiler.109 The CPD model
was used to calculate pyrolysis rates. A four-step global
mechanism was used for gas-phase combustion. Simulations of
air-ﬁred and oxy-coal conditions were compared.
4.4. Comparing Rates of Pyrolysis in Fluctuating
Conditions. Veras et al.110 used the CPD model to calculate
rates of drying and pyrolysis in high-intensity acoustic
oscillations in a Rijke tube burner. The oscillations increased
the rate of drying. The simulations used the species computed
by the CPD model, including the nitrogen release from the
CPDNLG model of Perry et al.34
Calculations have been made to assess the inﬂuence of
turbulence on pyrolysis rates. If the particle temperature
ﬂuctuates on a time scale similar to that of the pyrolysis rate,
turbulence eﬀects cannot be ignored. Xing et al.111 showed that
the gas ﬂuctuations expected in a turbulent coal boiler would
be more apt to aﬀect the pyrolysis rates predicted by a two-step
pyrolysis model than the CPD model.
4.5. Modeling Soot in Coal Combustion Systems.
Brown and Fletcher112 ﬁrst used the CPD model in a coal
combustor simulation to model soot formation. The CPD
model was used to determine tar formation in a Lagrangian−
Eulerian 2D axisymmetric RANS calculation of a laboratory
coal furnace. The soot reaction scheme is shown in Figure 20.
Coal tar can either polymerize to form soot or crack to form
light gases. A soot agglomeration and soot oxidation
mechanism were included in these calculations. Results
showed that local gas temperatures near the burner would be
lowered as much as 300 K when soot was modeled and the
appropriate radiation from soot was taken into account.
Zeng et al.113 studied coal-dependent secondary reactions of
tar during high-temperature pyrolysis as well as soot formed
from coal pyrolysis. The CPD model was used to predict
primary pyrolysis yields and the chemical structure of the
primary tar. This information was then used in a model of
secondary reactions of tar and subsequent formation of soot.
With the more recent advent of detailed gas-phase
combustion mechanisms, researchers have more recently
expanded the models that treat soot in coal combustion
systems. Muto et al.114,115 combined the CPD model with a
gas-phase combustion mechanism involving 158 species and
1804 reactions. Coal tar was modeled as C6H6. Muto et al.
modeled a 2D unsteady mixing layer to relate peak gas and
soot temperatures to peak soot mass density. Josephson et

dimensional (3D) RANS modeling of a coal−water slurry-fed
gasiﬁer (∼20 kg/s coal feed rate). The CPD model was
compared to other pyrolysis models in these simulations and
gave believable results. Simulations were also performed to
investigate kinetics of a water−gas shift reaction as well as
diﬀerent radiation models.
Kumar and Ghoniem89 used the CPD model in 2D RANS
simulations of a coal gasiﬁer. Comparisons were reasonable
between measured and predicted radial proﬁles of tangential
velocity. A global expression was used for volatile composition,
and global rates were used for gas-phase combustion.
Holtmeyer et al.90 used the CPD model in 2D RANS
calculations of a laboratory furnace ﬁred by both coal and
biomass. A simple ﬁrst-order model was used for biomass
pyrolysis.
Mei et al.91 also used the CPD model in 2D RANS
calculations of the IFRF furnace under MILD conditions to
look at the eﬀect of injection conditions. Similar simulations
were also performed by Vascellari et al.92 for MILD
combustion in the IFRF furnace using a ﬁrst-order pyrolysis
rate derived from the CPD model. Perrone et al.93,94
performed 3D RANS simulations of oxy-coal and MILD
combustion with Fluent using the CPD model for pyrolysis.
Saha et al.95 compared performance of the CPD model to oneand two-step models in simulations of MILD combustion. The
CPD model performed best for brown coal combustion, but all
three models performed well for black coal pyrolysis.
Rebola and Azevedo96 simulated a 2.5 MWth oxy-coal
combustor that had wet recirculated CO2 using a 2D RANS
code. The CPD model was used directly in this code. The
simulations used an eddy dissipation model/ﬁnite rate (EDM/
FR) approach for the gaseous combustion. Good agreement
was achieved between predictions and two test cases.
Zhang et al.97 used the CPD model directly in simulations of
a circulating ﬂuidized bed reactor. Simulations agreed
reasonably well with data from a 2.5 ton/day dual-bed
circulating ﬂuidized bed reactor. Salmasi et al.98 performed
2D simulations of ﬂuidized bed combustion for a subbituminous coal using the CPD model to describe pyrolysis.
The calculated particle temperature and mass release history
agreed well with measurements for 2.18 and 4.36 mm diameter
particles.
Rowan et al.99 developed a reduced-order model of a boiler,
reducing the need for complex computational ﬂuid dynamics.
The CPD model was used for pyrolysis. This model was used
to estimate the average outlet temperature of combustion ﬂue
as well as determine the required reactor inlet mass ﬂow rates
for a desired outlet temperature. The results compared quite
favorably to results from full CFD simulations.
Torresi et al.100 compared the use of the CPD model to a
simpler model in RANS simulations of a full-scale low-NOx,
swirling, aerodynamically staged, pulverized 48 MWth coal
burner. Best results were obtained using the CPD model
combined with a char combustion model that used intrinsic
kinetics. Simulations of a pressurized oxy-coal furnace were
performed by Xia et al.101 using a 30° sector in 3D RANS
using Fluent. The CPD model was used for modeling pyrolysis
in these simulations. Xia et al.102 also used the CPD model to
generate gas species for analysis of a coal-particle-laden
methane jet impinging on a wall. Tar was assumed to be C6H6.
Liu et al.103 used the CPD model in 2D RANS simulations
of a swirling burner for oxy-coal combustion. The inﬂuences of
the blockage ratio, swirl number, recycle ratio and partial
12133
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al.116,117 developed a more general soot model than that of
Brown and Fletcher but for use in coal boiler simulations. The
CPD model was used to predict the tar yield as a source term
to a moment method, which included submodels for precursor
coagulation, growth, and consumption as well as soot
nucleation, surface growth, agglomeration, and consumption.
The improved combined model was compared to soot
measurements during high-temperature coal pyrolysis in a
ﬂat-ﬂame burner by Ma et al.118 The soot model was also
applied to measurements of soot from biomass in a fastpyrolysis drop-tube reactor performed by Trubetskaya et al.119
The bio-CPD model120 (see section 6.1) was used to
determine tar yields from three diﬀerent types of biomass.
Predicted soot yields and soot size distributions were in good
agreement with measured values (see Figures 21 and 22).
Soot formation and combustion was studied in a methaneassisted pulverized coal jet ﬂame by Xu et al.121 The CPD
model was used to predict tar and light gas release during
pyrolysis. Transport equations were solved for the tar mass
fraction, soot mass fraction, and soot number density. The
discrete ordinates model was used for radiation. Heat loss from
the ﬂame as a result of soot radiation was reported to result in
a 238 K diﬀerence in the gas temperature at a distance of 200
mm downstream from the jet inlet. Radial distributions of the
soot volume fraction appeared to be consistent with laserinduced incandescence (LII) measurements in this ﬂame, as
shown in Figure 23.

both a two-step and nth order pyrolysis rate. Hara et al.155 used
the CPD model to determine rate coeﬃcients and species for a
two-step devolatilization model coupled with a two-step
volatile combustion model, assuming benzene to represent
tar. Xuan et al.156 used the sequential distributed activation
energy method developed as part of the CPD model. The CPD
model was used to estimate residence times and a heat source
term by Pielsticker et al.157 Richards and Fletcher used CPD
model calculations at heating rates from 5000 to 106 K/s to
test several simpler model forms, including two-step models
with and without distributed activation energies. Distributed
activation energies were important to obtain good agreement
over this range of heating rates. Zing et al.158 used the CPD
model to develop a more computationally eﬃcient pyrolysis
model based on an artiﬁcial neural network.

6. EXTENSION OF THE CPD MODEL TO ADDITIONAL
FUELS
The concepts used in the CPD model, namely, the chemical
structure based on sites connected by breakable bridges, using

5. USE OF THE CPD MODEL TO DETERMINE RATE
CONSTANTS FOR OTHER PYROLYSIS MODELS
One of the uses of a complex model that has been extensively
evaluated is to generate numerical data under a limited range
of heating rate and temperature conditions, in which data are
then used to ﬁt constants for a less complex rate model. The
advantage to this method is that the numerical data can be
generated in a way that makes it easy to curve ﬁt the constants
for the simpler model. The simpler model is likely what has
been coded already into a large simulation of coal combustion
or gasiﬁcation and requires less computational time. The CPD
model has been used to generate simple ﬁrst-order rate
expressions for a number of coals and heating conditions.123−144 Zhang et al.145 developed a one-step global
reaction with six light gas product species using the CPD
model. A similar one-step global reaction model was also used
for ﬂuidized bed coal combustion calculations.97,146 Menage et
al. developed a global reaction from the CPD model that
included 11 gas species plus char.147 Iavarone et al.148 tested
the CPD model with several types of ﬁrst-order models that
had ultimate yields speciﬁed as a function of the temperature
and coal type, reporting that the CPD model did not perform
well. A double Gaussian activation energy model was used in
conjunction with the CPD model by de Caprariis et al.149 A
pyrolysis kinetic preprocessor (PKP) was developed to use
CPD, FLASHCHAIN, or FG−DVC to develop ﬁrst- or
second-order rate models.141 The PKP code was also used to
compare pyrolysis predictions between these three diﬀerent
coal pyrolysis models that use lattice statistics.150,151 A similar
code (C3M) was developed by Van Essendelft et al.152 to
determine rate constants for simple models using complex
pyrolysis and char oxidation models, including the CPD model.
Zhao et al.153 used the CPD model to develop rate constants
for a two-competing-step pyrolysis model, while Richter et
al.154 used the CPD model to determine rate constants for

Figure 24. Model prediction compared to measured devolatilization
of sweet gum hardwood at a heating rate of 1000 K/s. The symbols
denote the measured values: (□) char, (○) tar, and (△) light gases.
The curves are model predictions (coarse curves, prediction with
consideration of the secondary reaction; ﬁne curves, prediction
without consideration of the secondary reaction): char, solid curve
(); tar, shorter dashed curve (- - -); and light gases, longer dashed
curve (− −). This ﬁgure was adapted with permission from ref 159.
Copyright 2002 Elsevier.

Table 3. Chemical Structure Parameters for Diﬀerent Types
of Biomass120
parameter

MWcl

MWδ

p0

σ+1

cellulose
hardwood hemicellulose
softwood hemicellulose
hardwood lignin
softwood lignin
Kraft lignin
xylan
glucomannan

81
77.5
81
208
186
195
85
96

22.7
21.5
22.7
39
34
22
24
28

1.0
1.0
1.0
0.71
0.71
0.71
1.0
1.0

3.0
3.0
3.0
3.5
3.5
3.5
3.0
3.0

percolation lattice statistics to relate bridge breaking to the
fraction of detached material, has been applied to other fuels,
as described below.
6.1. Biomass Pyrolysis. The CPD model was extended to
apply to biomass, because the replacement of coal by biomass
in boilers is thought to be carbon-neutral and, hence, reduces
the net amount of CO2 emitted. Sheng and Azevedo159
12134

DOI: 10.1021/acs.energyfuels.9b02826
Energy Fuels 2019, 33, 12123−12153

Review

Energy & Fuels
Table 4. CPD Kinetic Parameters for Cellulose,
Hemicellulose, and Lignin120
kinetic
parameter

cellulose

xylan

glucomannan

lignin

Eb (kcal/mol)
Ab (s−1)
σb (kcal/mol)
Eg (kcal/mol)
Ag (s−1)
σg (kcal/mol)
ρ
Ecross (kcal/mol)
Across (s−1)

55.4
2.0 × 1016
4.1
61.2
3.0 × 1015
8.1
100
65
3.0 × 1015

51.5
1.2 × 1020
0.1
38.2
3.0 × 1015
5.0
1.08
65
3.0 × 1015

51.5
5.0 × 1019
1.38
38.2
3.0 × 1013
5.0
0.39
65
3.0 × 1015

55.4
7.0 × 1016
0.5
69
2.3 × 1019
2.6
1.7
65
3.0 × 1015

Figure 27. CPD model predictions of xylan and glucomannan
pyrolysis versus experimental data.163 This ﬁgure was reprinted with
permission from ref 120.

Table 5. Chemical Structure Parameters for a Kraft Black
Liquor120
parameter

measured value

value used

σ+1
p0
MWcl
MWδ

3.6
0.33
292
60

3.6
0.71
292
39

Table 6. CPD Kinetic Parameters for Black Liquor120
Figure 25. CPD model comparisons to pyrolysis data for lignin
obtained at 1000 K/s with no hold time and a 200 K/s cooling ramp
by Nunn et al.160 This ﬁgure was reprinted with permission from ref
120.

kinetic parameter

black liquor

Eb (kcal/mol)
Ab (s−1)
σb (kcal/mol)
Eg (kcal/mol)
Ag (s−1)
σg (kcal/mol)
ρ
Ecross (kcal/mol)
Across (s−1)

55.4
2.6 × 1015
1.8
62.5
3.0 × 1015
8.1
0.9
65
3.0 × 1015

Figure 26. CPD model comparisons to pyrolysis data for cellulose
obtained in a drop-tube reactor by Brown et al.161,162. The dashed line
represents 100% volatile yield. This ﬁgure was reprinted with
permission from ref 120.

developed the ﬁrst version of the bio-CPD model. Chemical
structure coeﬃcients were reported for cellulose, hemicellulose, and lignin. Rate coeﬃcients were determined for
bridge breaking, side-chain release, and cross-linking. A
correlation was given to determine the mass fraction of the
three components (cellulose, hemicellulose, and lignin) based
on the elemental composition of the biomass. Good agreement
was shown for pyrolysis yields of tar and total volatiles for
sugarcane bagasse, silver birch, and sweet gum hardwood at
heating rates of 1 and 1000 K/s, with temperatures from 650
to 1175 K (see Figure 24).

Figure 28. CPD model predictions of black liquor pyrolysis versus
data from a ramped furnace164 and an entrained ﬂow reactor.165
Calculations were performed with a heating rate of 100 K/min and a
10 min hold time. This ﬁgure was reprinted with permission from ref
120.

Fletcher et al.120 made a slightly diﬀerent version of the bioCPD model but used many concepts from Sheng and
Azevedo.159 Separate chemical structures and pyrolysis rate
12135
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liquor obtained from 13C NMR analysis. The value of p0
obtained from the NMR analysis of black liquor was 0.33, with
σ + 1 = 3.6. The percolation theory would predict complete
breakup of the inﬁnite lattice (i.e., the percolation threshold) at
p0 = 1/σ, which would be 0.38 for this black liquor. The
measured value of p0 seemed to be in error as a result of the
large number of carboxylic acids in the black liquor and was
changed to a more reasonable value similar to that of lignin
(0.71). Table 5 shows the values of the chemical structure
parameters used to model black liquor pyrolysis, and Table 6
shows the kinetic parameters used. Figure 28 shows the CPD
model calculations for black liquor pyrolysis in two diﬀerent
furnaces. Data after 1100 K indicated the release of mineral
components in the black liquor.
Sawdust pyrolysis data in a fuel-rich ﬂat-ﬂame burner were
obtained by Lewis and Fletcher166 at three diﬀerent temperatures (1163, 1320, and 1433 K) for 45−75 μm diameter
particles. Tar, light gas, and char yields were obtained as a
function of the residence time at all three temperature
conditions. The biomass CPD model using three components
(cellulose, hemicellulose, and lignin) developed by Fletcher et
al.120 was compared to these data. It was necessary to combine
the biomass CPD model with a tar cracking model, because
biomass tar is easily cracked to light gas at temperatures above
773 K, even at short residence times. The generalized tar
cracking model of Vizzini et al.167 and a more speciﬁc tar
cracking model of Fagbemi et al.168 were used. Figure 29
shows an example of the comparison of the CPD model
predictions to data using the Fagbemi tar cracking model.
Rabacal et al.169,170 compared the bio-CPD model and the
bio-PoliMi model to total volatile yields from sawdust pyrolysis
in a drop-tube reactor at 1073 and 1273 K. The cracking
model of Vizzini et al.167 was used with the CPD model. A
sensitivity analysis of the CPD model indicated that the
predicted total volatile yield did not vary much with changing
the relative component composition of lignin, cellulose, and
hemicellulose under these conditions. Bio-CPD model
predictions slightly underestimated the total volatile yield.
The CPD model was then incorporated into a scheme to
calibrate ﬁrst-order and distributed activation energy models
for a LES of a furnace ﬁred by coal and blends of straw and
coal.171 Volatile combustion was modeled with a two-step
global reaction combined with the eddy breakup model.172
The devolatilization model was shown to have a large impact
on the ﬂame structure but not ﬂame lift-oﬀ.
The CPD and bio-CPD models were used to compare to
large particle pyrolysis data for coals, biomass materials, and
their blends.173,174 Particles of 6−10 mm were formed from
the coal, biomass, or blends of the coal and biomass pressed
together. The particles were introduced to a quartz furnace at
temperatures of 1000−1200 K. A thermocouple was placed in
the center of the particle. Transport equations for heat and
mass were used with the CPD and bio-CPD models to
calculate volatile yields and temperatures. The correlation of
Genetti and Fletcher8 for coal chemical structural parameters
for the CPD model was used. Very good agreement was
obtained for the Chinese coals, biomass materials, and blends
for these large particle experiments, as shown in Figure 30.
The CPD model was used in a novel coarse-grain molecular
modeling approach by Pou et al.175 A Wyoming subbituminous coal and a lignin were modeled separately, with
the intent to study co-pyrolysis in the future. The gas and tar
yields predicted by the CPD model were used to guide the

Figure 29. Comparison of measured and modeled sawdust pyrolysis
yields in a ﬂat-ﬂame burner at 1 atm and a peak gas temperature of
1163 K using the bio-CPD model to the tar cracking model from
Fagbemi et al.168 This ﬁgure was reprinted with permission from ref
166.

Figure 30. Predictions of the residual mass of 8 mm straw particles
using the bio-CPD model versus data at diﬀerent furnace wall
temperatures obtained by Wan et al.173 This ﬁgure was reprinted with
permission from ref 173. Copyright 2015 Elsevier.

coeﬃcients were developed for the three major components of
biomass: cellulose, hemicellulose, and lignin. The percolation
lattice structure was used for all three components, but because
cellulose and hemicellulose contain no aromatic carbons, a site
for these two components was deﬁned as anomeric carbon
(i.e., carbon in the ring attached to both oxygen in the ring and
oxygen in an ether-type bridge). Hemicellulose was modeled as
an average between xylan and glucomannan. Table 3 shows the
chemical structure parameters used for modeling diﬀerent
types of biomass, and Table 4 shows the corresponding kinetic
constants. Figure 25 shows a curve ﬁt of lignin pyrolysis data
obtained at 1000 K/s with no hold time and a 200 K/s cooling
rate by Nunn et al.160 This curve ﬁt was used to generate
kinetic constants for the bio-CPD model. Similar curve ﬁts for
cellulose and hemicellulose are shown in Figures 26 and 27.
To perform a biomass calculation, the CPD model was run 3
times under the same heating rate and temperature conditions:
once for cellulose, once for hemicellulose, and once for lignin.
The three calculations were then merged on the basis of the
weight percent of each component.
In this same paper,120 pyrolysis data for a Kraft black liquor
(a residue from making paper using the Kraft process) were
presented, along with chemical structure data of the black
12136
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Figure 31. Comparison of measured tar fouling rates to the values calculated using the CPD model. This ﬁgure was reprinted with permission from
ref 178. Copyright 2017 Elsevier.

Table 7. Chemical Structure Parameters for Three Grades
of Green River Oil Shale186
parameter

GR1.9

GR2.9

GR3.9

MWcl
MWδ
σ+1
p0a

776
131
5.0
0.5

775
148
4.5
0.5

946
135
5.9
0.5

a

p0 could not be measured as a result of the large amount of CH2
groups and, therefore, was assumed to be 0.5.

Table 8. CPD Kinetic Parameters for Three Grades of
Green River Oil Shale186
kinetic parameter

GR1.9

GR2.9

GR3.9

Eb (kcal/mol)
Ab (s−1)
σb (kcal/mol)
Eg (kcal/mol)
Ag (s−1)
σg (kcal/mol)
ρ
Ecross (kcal/mol)
Across (s−1)

47.5
9.8 × 1012
0
41.7
1.58 × 1010
0.6
0.9
65
3.0 × 1015

47.5
9.8 × 1012
0
41.7
2.58 × 1010
0.6
0.9
65
3.0 × 1015

51.5
1.8 × 1015
0
54.8
1.58 × 1014
0.6
1.8
65
3.0 × 1015

Figure 32. CPD model calculations of tar and char yields for kerogen
pyrolysis at 10 K/min. Data are from Fletcher et al.185This ﬁgure was
reprinted with permission from ref 186.

(11−13 mm diameter and 60 mm long), including gas and tar
yields as well as particle interior temperature during heating.
Tar from pyrolysis of biomass can cause fouling on heat
transfer surfaces and is not desired. Euh et al.178 used the vapor
pressure model developed as part of the CPD model in a
simulation of a wood pellet boiler. A mass transfer rate was
computed from the diﬀerence in the partial pressure of the tar
in the gas and the saturated vapor pressure of tar at the
temperature of the surface. The deposition scheme was
implemented into Fluent, and predicted amounts of tar
deposits over time compared reasonably well to data for four
diﬀerent surfaces in the boiler (see Figure 31).
6.2. Oil Shale Pyrolysis. Oil shale is a large source of
hydrocarbons (i.e., kerogen) found in many places in the
world. The largest source of oil shale is in the Green River
formation located in Colorado, Utah, and Wyoming in the

molecular modeling simulations. In a somewhat similar
manner, the CPD model was used to guide graphic processing
unit (GPU)-based reactive force ﬁeld (ReaxFF) molecular
dynamic simulations of a Chinese bituminous coal.176
Grieco and Baldi177 developed a wood pyrolysis model that
was diﬀerent from the CPD model but used the vapor pressure
correlation from the CPD model. Good agreement was
achieved with data from pyrolysis of cylindrical wood pellets
12137
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Figure 33. Product distribution of Huadian oil shale at diﬀerent temperatures predicted by a modiﬁed CPD model versus data in a ﬁxed bed. This
ﬁgure was reprinted with permission from ref 187. Copyright 2019 Elsevier.

Huadian oil shale at diﬀerent temperatures and heating rates.
Other kerogens and the oil shale data from Fletcher et al.185
were also modeled with good success. Figure 33 shows some of
the predictions for the Huadian oil shale in a ﬁxed bed
apparatus.
6.3. Foam Pyrolysis. A model of the pyrolysis of
unconﬁned rigid polyurethane foam (CPUF) was developed
by Hobbs et al.188 based on the principles in the CPD model.
The chemical structure of the foam was represented by six
diﬀerent structural units (see Figure 34), which complicated
the chemistry, but the basic percolation scheme for bond
breaking was used, followed by the treatment of vapor
pressure. The reaction pathways are shown in Figure 35.
Diﬀerent vapor pressures were used for the various pyrolysis
products. Kinetics were determined from TGA experiments on
the foam, with nine diﬀerent reaction rates for bridge variables,
each modeled with a sequential distributed activation energy.
The completed model with rate coeﬃcients was then tested
using an enclosed cylindrical sample of foam, 15 cm long and 8
cm in diameter. The CPUF model was combined with a
detailed ﬁnite element simulation named COYOTE and
compared to X-ray images and temperatures from the conﬁned
foam experiment. Good agreement between predictions and
measurements was observed for both time-dependent temper-

United States. The amount of world in-place oil shale reserves
has been conservatively estimated at 2.9 trillion barrels of
oil,179,180 with other more recent estimates of 4.3 trillion
barrels of oil in the Green River formation alone.181 Oil shale
extracts and demineralized kerogen from oil shale were
analyzed using 13C NMR spectroscopy.182 The chemical
structure of the Green River oil shale consisted of a carbon
aromaticity of about 24%, with average chain lengths of 24
aliphatic carbons, as shown in Table 7. Pyrolysis experiments
on Green River oil shale were conducted by Hillier et al.183,184
and Fletcher et al.185 in both TGA and a pyrolyzer apparatus
that was able to collect tar, char, and light gas. The oil shale
chemical structure parameters were used directly in the CPD
model, but the kinetic parameters were changed to ﬁt the oil
shale pyrolysis data,186 as shown in Table 8. Figure 32 shows
an example of the agreement achieved between measured and
calculated time-dependent tar and light gas yields from a Green
River oil shale sample.
The CPD model was modiﬁed to be more general for
kerogen pyrolysis by You et al.187 The extended model
includes the chain scheme for (i) initial cracking, (ii) aliphatic
chain reactions, (iii) aromatization, and (iv) condensation. A
total of eight reactions were modeled. The results were
compared to pyrolysis data in a ﬁxed bed and TGA for a
12138
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Figure 34. Structural units used in the description of a rigid polyurethane foam. This ﬁgure was reprinted with permission from ref 188. Copyright
2000 Elsevier.

CPD model were generated on the basis of TGA data. A model
for secondary tar reactions was added. Primary pyrolysis of
tires occurs in the temperature range of 250−520 °C, while
secondary reactions were reported to occur in the temperature
range of 550−800 °C. Large tire particles (0.5−15 mm) were
pyrolyzed in a reactor as a function of the temperature, heating
rate, and sweep gas composition and ﬂow rate. The resulting
model was able to explain the results, including the increased
secondary reaction of tar at high heating rates and temperatures, as illustrated in Figure 39.

atures and the shape of the regression front measured with Xray imaging. A similar eﬀort was made to develop a pyrolysis
model of removable epoxy foam (REF) based on CPD-like
principles and was also tuned with TGA data and compared to
temperature and regression shape data from a conﬁned sample
of REF foam.189 The percolation approach in the CPD model
was also modiﬁed to work for HMX, which is a crystalline
explosive.190
6.4. Asphalt Pyrolysis. Cheng et al.191 used the CPD
model to describe asphalt pyrolysis. The chemical structures
were determined from 13C NMR analysis, with slight
modiﬁcations to the procedures developed by Solum et al.6
Tertiary carbon side-chain structures were assigned part of the
NMR spectrum, which are more prevalent in asphalt-like
materials, and this change permitted a better value of p0 (see
Table 9). Kinetic parameters are shown in Table 10. The
reaction scheme for asphalt pyrolysis is illustrated in Figure 36.
Rate coeﬃcients were adjusted slightly to ﬁt TGA pyrolysis
data of asphalt at several heating rates. The ﬂash distillation
model and the cross-linking models in the CPD model were
found to be indispensable for accurate modeling of asphalt
pyrolysis and led to better interpretation of reaction
mechanisms. Figure 37 shows some of the comparisons of
the CPD model predictions to pyrolysis data for asphalt.
6.5. Scrap Tires. Tan et al.192 measured the chemical
structure of waste tires using the 13C NMR techniques of
Solum et al.6 The side-chain molecular weight was large
enough that the CPD model was modiﬁed to permit some tar
formation directly from side-chain release. The reaction
scheme is illustrated in Figure 38. Chemical structure
parameters used in the CPD model are shown in Table 11,
with kinetic parameters in Table 12.
As a result of the size of tire particles, internal temperatures
were calculated from a 1D energy balance assuming that the
particles were spherical. Kinetic coeﬃcients for the modiﬁed

7. MODIFICATIONS TO EXTEND CPD MODEL
CAPABILITY
7.1. Underground Coal Thermal Treatment. The
original CPD model was built for speed to perhaps be
incorporated into a simulation of an entrained ﬂow pulverized
coal boiler or gasiﬁer and, hence, was focused on high heating
rate applications. Underground coal thermal treatment
(UCTT) is a process where light gases from coal are obtained
in the underground seam without mining. The conditions for
the UCTT process are very low heating rates and a lower
temperature (573−873 K) than in underground coal gasiﬁcation processes. Wang et al.193 found that the original CPD
model was not able to obtain agreement with coal tar yields
during pyrolysis of a Utah Sufco bituminous coal at 10 K/min.
Wang et al. replaced some of the numerical methods in the
CPD model with built-in MATLAB library functions, which
helped converge solutions better at low heating rates. A lowtemperature cross-linking scheme was also developed and
correlated with the parent coal elemental composition. Finally,
the light gas evolution rate was found to be inadequate for
these low heating rates, and a second rate for light gas
evolution at low temperatures was introduced. Figure 40 shows
an example of the improved predictions of the modiﬁed CPD
model of Wang et al.
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Figure 35. Reaction pathways used by Hobbs et al.188 to describe the pyrolysis of a rigid polyurethane foam. This ﬁgure was reprinted with
permission from ref 188. Copyright 2000 Elsevier.

provides hydrogen to crack large hydrocarbons, presumably in
the metaplast. The small species formed in the metaplast then
have a high enough vapor pressure to be released as tar. Some
of the original data for coal hydropyrolysis was obtained by
Anthony et al.194 and Suuberg et al.195 with subsequent
development of a hydropyrolysis model.196 Recently, Guan et
al.197 developed a simple modiﬁcation to the CPD model to
describe coal hydropyrolysis. The hydropyrolysis and crosslinking reactions are assumed to both decrease the amount of
metaplast in the coal during pyrolysis according to

Table 9. Chemical Structure Parameters for the Chemical
Percolation Model of Asphalt Pyrolysis (from Cheng et
al.191)
13

C NMR
modiﬁed value

MWδ

MWcl

p0

σ+1

c0

60
60

324
324

0.08
0.73

3.27
3.27

0.27

Table 10. CPD Kinetic Parameters for Asphalt Pyrolysis191
kinetic parameter

asphalt value

Eb (kcal/mol)
Ab (s−1)
σb (kcal/mol)
Eg (kcal/mol)
Ag (s−1)
σg (kcal/mol)
ρ
Ecross (kcal/mol)
Across (s−1)

56.9
3.6 × 1015
2.5
62
1.5 × 1016
1.5
0.9
65
3.0 × 1015

R hyd + R cross = −

dmmeta
i E yz
zzmmeta
= A expjjj−
dt
k RT {

(12)

The ratio of metaplast consumed by hydrogenation to that
consumed by cross-linking is assumed to be proportional to
the partial pressure of H2, as follows:
R hyd /R cross = βPH2

(13)

where β is a constant ﬁt to data and found to be 0.0035 atm−1
for all coals. The modiﬁed CPD model for hydropyrolysis was
able to give good agreement with data at pressures up to 69
atm (see Figures 41 and 42).

7.2. Hydropyrolysis. Hydropyrolysis is the process where
coal is pyrolyzed at a high pressure in a H2 atmosphere. H2
12140
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Figure 36. Reaction scheme used for asphalt pyrolysis using the CPD model. This ﬁgure was reprinted with permission from ref 191. Copyright
2017 Elsevier.

Yan et al.199 used the CPD model in calculations of
hydrogasiﬁcation at pressures up to 13 MPa, accounting for
heterogeneous char gasiﬁcation, but did not include eﬀects of
hydropyrolysis.
7.3. Modeling Internal Particle Pressures, Swelling,
and Surface Areas. Yang et al.200 coupled the CPD model
with transport in the interior of rapidly heated lignite particles.
Figure 43 shows the predicted changes in internal pressure as a
function of time for various heating rates. At the highest
heating rate, the volatiles cannot escape fast enough and the
internal pressure is calculated to rise to 25 times that of the
ambient pressure. A correlation was made using the chemical
structure changes predicted by the CPD model to calculate the
internal surface area, accounting for the release of tar and light
gas to vacate space in the particle. Figure 44 shows a
comparison of the calculated internal surface areas for a lignite

as a function of the extent of pyrolysis versus data obtained by
Fletcher and Hardesty28 and Nsakala et al.201
Calculation of the internal pressures of a bituminous coal
particle during pyrolysis were made using the CPD model by
Yang et al.,202 including the extent of swelling during pyrolysis.
These calculations included submodels for bubble formation,
rupture of bubbles, and coalescence of bubbles. These
calculations showed an increase in pressure by a factor of
almost 200 for an Illinois no. 6 coal at a high heating rate, as
shown in Figure 45. The inﬂuence of the heating rate on
swelling was modeled for diﬀerent coals, as shown in Figure 46.
Of particular interest is the decrease in the swelling rate as
heating rate increases for these high heating rates that are all
greater than the standard drop-tube heating rate of
approximately 104 K/s. This model was subsequently reﬁned
and tested with data at both diﬀerent heating rates and
diﬀerent maximum temperatures.203 The reﬁned model even
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Figure 37. Comparison of model predictions to thermogravimetry (TG) proﬁles (20 K/min) in three conditions: (1) with both cross-linking and
ﬂash distillation models, (2) only with the ﬂash distillation model, and (3) only with the cross-linking model. This ﬁgure was reprinted with
permission from ref 191. Copyright 2017 Elsevier.

Figure 38. Reaction scheme used in the modiﬁed CPD model for tire pyrolysis by Tan et al.192 The original CPD model used a factor of 7 amu that
was subtracted from the side-chain molecular weight to represent the portion of the side chain that would stay with the aromatic cluster. This factor
was changed to 49, as indicated in Table 11. This ﬁgure was reprinted with permission from ref 192. Copyright 2018 Elsevier.

Table 12. CPD Kinetic Parameters for Tire Pyrolysis192

Table 11. Chemical Structure Parameters Used in CPD
Model Calculations of Tire Pyrolysis by Tan et al.192
chemical structure parameter

value

MWcl
MWside
po
co
σ+1
correlation factor of MWside

391
153
0.8
0
2.3
49

calculated changes in porosity of the char particle for a
bituminous coal203 and lignite.203−205
7.4. Improved Tar Release Models. The CPD model of
tar was extended by Umemoto et al.209 to include nine
elementary reactions during pyrolysis, permitting prediction of

kinetic parameter

asphalt value

Eb (kcal/mol)
Ab (s−1)
σb (kcal/mol)
Eg (kcal/mol)
Ag (s−1)
σg (kcal/mol)
ρ
Ecross (kcal/mol)
Across (s−1)

60.4
2.57 × 1017
1.8
60.4
2.4 × 1018
7.5
1.34
65
3.0 × 1015

the release of H2O, CO2, CO, CH4, benzene, naphthalene, and
phenanthrene. Results compared favorably to light gas and
soot yield data from a pressurized drop-tube reactor. This
12142
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Figure 39. Comparison of the mass loss kinetics of the CPD model and TGA data for various heating rates using (a) initial kinetic parameters and
(b) optimized kinetic parameters. This ﬁgure was reprinted with permission from ref 192. Copyright 2018 Elsevier.

8. SUMMARY, CONCLUSIONS, AND
RECOMMENDATIONS
The CPD model was developed to describe coal pyrolysis as a
function of the coal type, heating rate, temperature, and
pressure. The basic premise of the model was that clusters are
connected by bridges, and the bridges break during heating.
The assumption of a Bethe lattice structure allowed for the
calculation of the distribution of ﬁnite fragments as the lattice
broke apart. A ﬂash distillation scheme allowed for calculation
of the evaporated tar from the ﬁnite fragment pool (called
metaplast) using a vapor pressure correlation. Side chains were
released at a separate rate from bridge breaking. Cross-linking
of metaplast back into the char was also modeled. The CPD
model was built for speed to be incorporated into boiler
simulation codes and was made freely available.
In the 30 years since the CPD model was ﬁrst developed, the
model has gained wide international acceptance. The model

extended CPD model was later incorporated into direct
numerical simulations (DNS) of a single particle;210 these
simulations compared well to the single-particle observations
of Lee and Choi.211
The original CPD model used a ﬂash distillation model at
each time step, which was somewhat dependent upon the time
step used. Li and Singer212 recently used the modiﬁed CPD
model of Jupudi et al.26 with a continuous vapor−liquid
equilibrium approach, coupled with the direct quadrature of
moments (DQMoM) method. This approach was able to
better determine rates of pyrolysis of tar “species”, meaning
molecular weight fractions. The detailed information on
molecular weight distributions was reported to be helpful for
coal-to-chemical processes.
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Figure 41. Comparison of model calculations and experimental
results for the (a) yields of gas, tar, and total volatile and (b) yields of
CH4, CO, and CO2 during hydropyrolysis of diﬀerent coals. Hollow
points: coal that is beyond the scope of application of eq 1 but still
uses eq 1 to calculate the chemical structure parameters. Data were
taken from Strugnell and Patrick:198 heating rate, 1000 °C/s; ﬁnal
temperature, 1000 °C; holding time, 2 s; and pressure, 7 MPa. This
ﬁgure was reprinted with permission from ref 197. Copyright 2015
Elsevier.

The main concepts in the CPD model have been applied to
additional fuels by changing the chemical structure parameters
and adjusting the appropriate chemical kinetic parameters.
Biomass pyrolysis was modeled by developing separate
parameters for cellulose, hemicellulose, and lignin. Black liquor
pyrolysis was modeled on the basis of NMR analysis of a dried
black liquor, because the three major components (cellulose,
hemicellulose, and lignin) reacted during the paper-making
process. Pyrolysis of other fuels modeled with the same
approach as the CPD model include oil shale, rigid
polyurethane and removable epoxy foams, HMX, asphalt,
and waste tires.
Enhancements to the CPD model include adding a full set of
light gas release kinetics, such as in the FG−DVC model, and
adding an empirical ratio to treat hydropyrolysis. In addition,
the CPD model has been combined with models of the
physical structure, including bubble formation in the metaplast,
to describe particle swelling during pyrolysis and subsequent
changes in porosity and internal surface area.

Figure 40. Comparison of the modiﬁed CPD model predictions of
Wang et al.193 (blue lines) to the original CPD model predictions (red
lines) and Sufco coal tar yield data from core pyrolysis experiments
(black dots, daf basis). Experiments were conducted with a heating
rate of 10 K/min and diﬀerent ﬁnal temperatures of (a) 873 K, (b)
773 K, and (c) 683 K. This ﬁgure was adapted with permission from
ref 193.

seems to successfully predict the pyrolysis rates and product
yields for most coals in most situations, especially at high
heating rates. The original coal pyrolysis model has been
modiﬁed for speciﬁc conditions, such as for very slow heating
for underground coal gasiﬁcation. The correlation of chemical
structure parameters measured by 13C NMR spectroscopy
enabled the CPD model to be used for any coal type. The
addition of a nitrogen release model has only been used
slightly.
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Figure 43. Calculated transient internal pressure proﬁles at various
heating rates and an ambient pressure of 0.1 MPa for a lignite particle
(where p̅ is the diﬀerence between the internal pressure and the
ambient pressure). This ﬁgure was reprinted with permission from ref
200.

Figure 42. Eﬀect of the hydrogen pressure on the (a) yield of total
volatiles and (b) gas compositions (pure H2 atmosphere) of
hydropyrolysis. Data were obtained at a ﬁnal temperature of 1000
°C by Anthony et al.,194 and solid lines were from the modiﬁed CPD
model by Guan et al.197 This ﬁgure was reprinted with permission
from ref 197. Copyright 2015 Elsevier.
Figure 44. Comparison of the N2 Brunauer−Emmett−Teller (BET)
surface area correlation to experiment data from Fletcher and
Hardesty28 and Nsakala et al.201 This ﬁgure was reprinted with
permission from ref 200.

8.1. Limitations and Recommendations. The CPD
model was developed mainly to model tar, light gas, and char
yields of coal during rapid heating. The original intent was to
directly use 13C NMR data for the input parameters, with coal
general kinetic constants. As a result of the diﬃculty and
expense of accurately determining the coal structure
parameters for additional coals, a correlation was developed
by Genetti et al.7 based on a database of 30 U.S. coals. This
correlation has been used now for quite a range of U.S. and
international coals, but this correlation is an interpolation and
not an extrapolation. Many low-rank coals, including brown
coals and some lignites, are beyond the range of O/C ratios
used in the original correlation. Certainly, additional chemical
structure measurements of international coals, especially lowrank coals, would be helpful. A subsequent correlation of these
chemical structure parameters would also be useful.
Changes in the chemical structure of coal chars during
pyrolysis have been measured and published for several types
of coals. However, none of the lattice-type pyrolysis models
have quantitatively been compared to the published chemical
structure data. For example, no quantitative comparisons have
been made between predictions and measurements of the

change in aromaticity, the amount of side chains, or the
amount of bridges. The closest quantitative comparison for the
chemical structure was by Perry et al.,31 with regards to the
form of nitrogen in the char.
The use of the CPD model at low heating rates, such as to
compare to TGA data, has been performed to some extent,
with mixed results. The recent work of Wang et al.193 indicated
that an additional rate equation seems appropriate at very low
heating rates typical of underground thermal treatment. Care
must be taken with the numerics in the original CPD model at
these low heating rates as well.
The application of the principles of the CPD model to
diﬀerent types of fuel has been quite interesting. Certainly,
bridges between aromatic clusters works for coals, but the
generalized principal is a bridge between sites. The sites are not
always deﬁned as aromatic clusters, such as in cellulose or
hemicellulose. The kinetic parameters were also changed
slightly when modeling diﬀerent types of fuel and even for
12145

DOI: 10.1021/acs.energyfuels.9b02826
Energy Fuels 2019, 33, 12123−12153

Review

Energy & Fuels

and pre-exponential factor (Across) were used for the crosslinking in all of these fuels. The activation energy for bridge
breaking (Eb) was close to the value used for coals (55 kcal/
mol), except for the Green River oil shale (47.5 kcal/mol). The
activation energy for side-chain release (Eg) was generally 60−
69 kcal/mol, except for xylan, glucomannan, and Green River
oil shale (38−41.7 kcal/mol). The standard deviations for the
activation energies (σb and σg) were all relatively small (≤8.1
kcal/mol). However, large variations were used for the preexponential factors for bridge breaking and side-chain release
(Ab and Ag). For example, the diﬀerence in the values of Ag
used for lignin and Green River oil shale diﬀered by a factor of
109. It is well-known that there may be a range of pairs of E
and A that may ﬁt the data, but these diﬀerences in A seem
quite large and should be explored further. It is anticipated
that, in the future, the CPD model or similar chemicalstructure-based models will be used to describe the pyrolysis of
even more fuels.
The CPD model is often used as a stand-alone code but has
been successfully incorporated directly into some computational ﬂuid dynamics models. The main use has been to
determine yields of tar, char, and light gas. With an increased
computer power and advanced research in gas-phase chemical
kinetic mechanisms, there has been increased interest in
modeling the exact species that are released from the coal
during pyrolysis. The light gas species from coal pyrolysis are
generally modeled using either the correlation in the original
CPD model or an enhanced gas species model. However, the
tar consists of thousands of individual species, with a wide
range of molecular weights (100−1000 amu, with an average
tar molecular weight of around 350). Research on how to
model tar components in a combustion or gasiﬁcation scenario
is sorely needed, especially for those fuels where the tars
comprise a large portion of the volatile products. Using
benzene (or even acetylene) to represent an average coal tar
molecule that has a molecular weight of 350 amu does not

Figure 45. Predicted changes in average internal pressure and swelling
ratio for Illinois no. 6 bituminous coal particles in the Sandia droptube experiment.28 This ﬁgure was reprinted with permission from ref
202.

diﬀerent grades of oil shale. The variation in kinetic parameters
should not be too surprising though, because the size and
composition of the bridges in the diﬀerent fuels varies
enormously. For example, the average side-chain molecular
weight (MWδ) in a low-volatile bituminous coal is 13, while
the corresponding value in an oil shale is 131. Table 13 shows
a summary table of the chemical structure and kinetic
parameters used in the CPD model for diﬀerent fuels. More
detailed models of the fuel chemical structure, such as in
modeling large macromolecules,213 may be necessary to make
a more universal set of kinetic coeﬃcients.
It is interesting to look at the variation (or lack of variation)
in the kinetic coeﬃcients in Table 13 used to model the
diﬀerent fuels. For example, the same activation energy (Ecross)

Figure 46. Comparison of the predicted and measured60,206−208 trends of the ﬁnal swelling ratio of the coal particle with an increasing heating rate
at an ambient pressure of 0.1 MPa. This ﬁgure was reprinted with permission from ref 202.
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Table 13. Comparison of the Chemical Structure and Kinetic Coeﬃcients Used to the CPD Model for Diﬀerent Fuels

σ+1
p0
MWcl
MWδ
Eb
Ab
(×1015)
σb
Eg
Ag
(×1015)
σg
kδ/kc
Ecross
Across
(×1015)

units

lignite

high-volatile
bituminous
coal

attach/cluster
unitless
g/cluster
g/side chain
kcal/mol
s−1

4.1
0.64
269
40
55.4
2.6

4.7
0.64
330
28
55.4
2.6

4.4
0.74
307
13
55.4
2.6

3
1
81
22.7
55.4
20

kcal/mol
kcal/mol
s−1

1.8
69
3.0

1.8
69
3.0

1.8
69
3.0

kcal/mol
s−1
kcal/mol
s−1

8.1
0.9
65
3.0

8.1
0.9
65
3.0

8.1
0.9
65
3.0

low-volatile
bituminous
coal

cellulose

xylan

glucomannan

Kraft
black
liquor

asphalt

tires

3.5
0.71
208
39
55.4
70

3
1
85
24
51.5
1.2 × 105

3
1
96
28
51.5
5.0 × 104

3.6
0.71
292
39
55.4
2.6

5
0.5
776
131
47.5
9.8 × 10−3

3.27
0.73
324
60
56.9
3.6

2.3
0.8
391
153
60.4
257

4.1
61.2
3.0

0.5
69
2.3 × 104

0.1
38.2
3.0

1.38
38.2
0.03

1.8
62.5
3.0

0
41.7
1.58 × 10−5

2.5
62
15

1.8
60.4
2400

8.1
100
65
3.0

2.6
1.7
65
3.0

5
1.08
65
3.0

5
0.39
65
3.0

8.1
0.9
65
3.0

0.6
0.9
65
3.0

1.5
0.9
65
3.0

7.5
1.34
65
3.0

hardwood
lignin

yi = mole fraction of the ith tar fraction in the gas phase

seem appropriate but has been done with some regularity. The
chemistry of the volatiles must be coupled to the approach to
the turbulence−chemistry interactions.

■

Green River
oil shale

Symbols

α = coeﬃcient in vapor pressure correlation
β = coeﬃcient in vapor pressure correlation
φ = arbitrary variable
γ = coeﬃcient in vapor pressure correlation
£ = labile bridge
£* = activated complex from a labile bridge
σ = standard deviation
σ + 1 = coordination number (i.e., number of attachments
per cluster)
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■

NOMENCLATURE
C = average number of aromatic carbons per cluster
E = activation energy
E̅ = mean activation energy
f v = volume fraction
F(p) = fraction of clusters that are detached from the inﬁnite
polymer lattice
k = Arrhenius rate constant
mcross = mass of metaplast that has cross-linked to the char
mmeta = mass of metaplast
MWδ = average molecular weight per side chain
MWi = molecular weight of the ith tar fraction
MWcl = average molecular weight per cluster
p = fraction of intact bridges
p* = root of Bethe lattice equation
p0 = initial value of p in the parent coal
Pvi = vapor pressure of the ith tar fraction
Pi = partial pressure of species i or ith tar fraction
Ptot = total pressure
R = rate
t = time
T = temperature
Xi = mass fraction of element i
xi = mole fraction of the ith tar fraction in liquid (i.e.,
metaplast)

■
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P.; Cortese, L.; Gövert, B.; Hatzfeld, O.; Schiemann, M.; Scherer, V.;
Kneer, R. Comparison of pyrolysis test rigs for oxy-fuel conditions.
Fuel Process. Technol. 2017, 156, 461−472.
(158) Xing, J. K.; Luo, K.; Pitsch, H.; Wang, H. O.; Bai, Y.; Zhao, C.
G.; Fan, J. R. Predicting kinetic parameters for coal devolatilization by
means of artificial neural networks. Proc. Combust. Inst. 2019, 37 (3),
2943−2950.
(159) Sheng, C. D.; Azevedo, J. L. T. Modeling biomass
devolatilization using the chemical percolation devolatilization
model for the main components. Proc. Combust. Inst. 2002, 29,
407−414.
(160) Nunn, T. R.; Howard, J. B.; Longwell, J. P.; Peters, W. A.
Product compositions and kinetics in the rapid pyrolysis of milled
wood lignin. Ind. Eng. Chem. Process Des. Dev. 1985, 24 (3), 844−852.
(161) Brown, A. L.; Dayton, D. C.; Daily, J. W. A study of cellulose
pyrolysis chemistry and global kinetics at high heating rates. Energy
Fuels 2001, 15 (5), 1286−1294.
(162) Brown, A. L.; Dayton, D. C.; Nimlos, M. R.; Daily, J. W.
Design and characterization of an entrained flow reactor for the study
of biomass pyrolysis chemistry at high heating rates. Energy Fuels
2001, 15 (5), 1276−1285.
(163) Alén, R.; Rytkönen, S.; McKeough, P. Thermogravimetric
behavior of black liquors and their organic constituents. J. Anal. Appl.
Pyrolysis 1995, 31, 1−13.
(164) Webster, J. D.; Fletcher, T. H.; Baxter, L. L. Black liquor
pyrolysis, Proceedings of the 3rd Annual Joint Meeting of the U.S.
Sections of the Combustion Institute; Chicago, IL, March 16−19, 2003.
(165) Iisa, K. Improved Recovery Boiler Performance through Control of
Combustion, Sulfur, and Alkali Chemistry: Quarterly Report (Jan−Mar
2004); Chalmers University of Technology: Gothenburg, Sweden,
2004.
(166) Lewis, A. D.; Fletcher, T. H. Prediction of sawdust pyrolysis
yields from a flat-flame burner using the CPD model. Energy Fuels
2013, 27 (2), 942−953.
(167) Vizzini, G.; Bardi, A.; Biagini, E.; Falcitelli, M.; Tognotti, L.
Prediction of rapid biomass devolatilization yields with an upgraded
version of the bio-CPD model. Proceedings of the 31st Meeting of the
Italian Section of the Combustion Institute; Torino, Italy, June 17−20,
2008.
(168) Fagbemi, L.; Khezami, L.; Capart, R. Pyrolysis products from
different biomasses: Application to the thermal cracking of tar. Appl.
Energy 2001, 69 (4), 293−306.
(169) Rabacal, M.; Costa, M.; Vascellari, M.; Hasse, C. Kinetic
modelling of sawdust and beech wood pyrolysis in drop tube reactors
12151

DOI: 10.1021/acs.energyfuels.9b02826
Energy Fuels 2019, 33, 12123−12153

Review

Energy & Fuels
using advanced predictive models. Chem. Eng. Trans. 2014, 37, 79−
84.
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